Translated by M. Grange Continuous fibre reinforced thermoplastics (CFRTPs) show great potential for series production owing to their short processing times. The growing variety of products and the desire for widespread use of lightweight parts are increasing the importance of flexible, individualised manufacturing processes in being able to offer custommade products even in relatively small numbers. The inline impregnation technique developed at the Institute of Plastics Processing (IKV) at RWTH Aachen
INTRODUCTION
Continuous fibre reinforced thermoplastics (CFRTPs) are particularly suitable materials for the cost-effective mass production of lightweight components, as they can be processed by injection moulding or welding to form functional parts. Another crucial advantage in the processing of these materials lies in their shorter cycle times compared with thermosetting resin systems, since there is no need for any crosslinking reactions to take place. To produce CFRTP components, fully impregnated and consolidated semi-finished products, so-called "organic sheets", are generally used, which only have to be melted, formed and then cooled.
In order to increase the economic viability of small to medium volume production runs, and with the growing variety of products available on the market, there is a greater need for flexible process chains and solutions to reduce the costs of materials and production.
The aim of the inline impregnation technique developed at the IKV for the double diaphragm forming process (DDF) is to integrate the impregnation of the reinforcing textiles to form the organic sheet, which usually precedes processing, into the shaping process. This makes possible the flexible manufacturing of a component structure that is individually adapted to the particular load conditions of the application, thus addressing the issue of economic production in small runs. Fibre and thermoplastic semi-finished products are individually combined and direct-formed into three-dimensional components by means of the inline impregnation technique [1, 2] . Figure 1 shows a bicycle saddle made of carbon fibre fabric with a polypropylene matrix, which was produced by the inline impregnation technique and direct-formed.
PROCESS SEQUENCE FOR INLINE IMPREGNATION
The process sequence for the inline impregnation technique is illustrated in Figure 2 . The semi-finished fibre products (e.g. fabrics) and semi-finished thermoplastic products (films, nonwovens) are first layered between two elastic silicone membranes (diaphragms) in a transport frame according to the requirements of the particular component (film stacking). The diaphragms are then sealed and a vacuum is applied in order to fix the individual layers and prevent the fibres from slipping during transport and the subsequent impregnation process. After being transferred to the heating station, the film stack is heated there under pressure, the semifinished thermoplastic products melt and the pressure of the heating plates is utilised for impregnating the textile. Finally, it is transferred to the forming station where forming takes place by means of compressed air in a single-sided, cooled mould in which the component cools under pressure. Using these simple, cost-effective moulds enables different component thicknesses, laminate structures and materials to be processed without any tooling changes between cycles. Depending on batch size, wood, plaster, resin moulding compounds or aluminium can be used as the materials for these female tools, leading to a significant reduction in tooling costs compared with stamp forming or injection moulding processes. Further advantages of the diaphragm technique as used in inline impregnation are the mouldability of undercuts and the uniform consolidation pressure which guarantees consistently good component quality, even in steeply angled wall areas.
To put this processing technology into practice, novel CFRTP plant technology ( Figure 3 ) has been developed in close collaboration with the Frimo Group GmbH, Freilassing, Germany. This plant meets the special requirements of inline impregnation, with the ability to apply a maximum force of 200 kN during the heating and impregnation phase and a maximum preform size of 500 x 750 mm 2 . In addition to inline impregnation, this plant technology also enables other variants to be performed, such as double diaphragm forming, hightemperature diaphragm forming, stamp forming and variothermal consolidation processes for CFRTP.
MATERIAL SELECTION
One reason for using fully impregnated organic sheets is the high melt viscosity of the thermoplastic matrices, which is usually in the range of a few hundred Pascalseconds and thus several orders of magnitude higher than the viscosity of thermosetting resin systems [3] . This high viscosity represents a particular challenge for inline impregnation technology, which is why polyamide 6 (PA6) was used for the investigations because of its comparatively low melt viscosity and its high relevance for industrial applications. The development of particularly low-viscosity polyamides for the production of highly filled injection moulding compounds has led to the market availability of new materials with significantly improved flow properties, enabling rapid impregnation to be achieved. As well as PA6, polypropylene (PP) was also tested for its suitability for the inline impregnation process as part of these investigations. Table 1 gives an overview of selected matrix materials that were used and their viscosity at zero shear rate (Carreau model). Commercially available organic sheets were used as a reference for the impregnation quality and mechanical properties that can be achieved. To provide the best possible comparison between these and inline-impregnated components, similar glass-fibre fabrics were used and the fibre and thermoplastic semi- finished products were combined such that a fibre volume content of 47% was obtained in all cases. Films were first extruded at the IKV (thickness approx. 250 µm) and these were then laid up alternately with the glass-fibre fabrics (3 layers glass-fibre fabric, 4 layers film) to give a laminate thickness of 1.5 mm. Table 2 shows the semifinished fibre products and organic sheets that were used.
The semi-finished fibre products from PPG Industries Fiber Glass EMEA, Westerbroek, Netherlands, are provided with special fibre sizing for PA and PP, while the glass-fibre fabrics from Owens Corning Fiberglas GmbH, Frankfurt am Main, Germany have no special thermoplastic size. The precise composition of the sizes is not known.
MECHANICAL PROPERTIES OF INLINE-IMPREGNATED LAMINATES

Inline impregnation with PA6
To determine the basic mechanical properties of inlineimpregnated laminates, fully impregnated laminates were produced for both PA6 and PP using an existing heating press at the IKV (T = 250°C, p = 10 bar, t = 85 min) and tested for their flexural and shear properties in comparison with the reference materials. For the PA6 investigations, the low-viscosity injection moulding materials (Easyflow and Xtremeflow) were each tested and combined by film stacking with the TufRov glassfibre fabric from PPG Industries and with the OC fabric from Owens Corning. The laminates were conditioned for 8 h at 80°C before testing, resulting in a moisture content of 0.23%. Figure 4 illustrates the results of the three-point bending test.
The investigations that were performed show that both the flexural strength and the flexural modulus of inlineimpregnated laminates are at the same level as those of the reference material. For the material combinations tested, no significant improvement in flexural properties resulted from using specially coated semi-finished fibre products, leading to the conclusion that even a size system that has not been specially adapted provides very good adhesion between the PA6 and the glass fibre. In order to examine the fibre/matrix adhesion in greater depth, in addition to three-point bending tests, tensile tests at ±45° ( Figure 5 ) were also performed, during which predominantly shear stresses occur in the laminate which place stress on the fibre/matrix interface [4] .
In contrast to the three-point bending test, differences are found between the two glass-fibre fabrics under shear stress. While both the shear strength and the shear modulus are slightly below the reference values when PP organic sheet 600 1200 Figure 4 . Three-point bending properties of PA6 laminates a non-adapted size is used, these can be improved by about 10% by using adapted size systems, which can be attributed to an improvement in fibre/matrix adhesion.
Inline impregnation with PP
For inline impregnation with PP, the investigations focused on evaluating the semi-finished fibre products in terms of the fibre/matrix adhesion that could be achieved, since the coupling of PP is based on a different coupling mechanism because of the non-polar matrix material [5] . The glass-fibre fabric from Owens Corning without a special size and the TufRov 4599 semi-finished product from PPG Industries, adapted to PP, were used as the semi-finished fibre products. In addition, two different coupling agents (PAT-A 888 from E. und P. Würtz GmbH & Co. KG, and Exxelor PO 1020 from Exxon-Mobil Chemical Central Europe GmbH) were compounded into the PP matrix (2 wt% for PAT and 3 wt% for Exxelor) and the influence of the coupling agent on the mechanical properties was investigated. The compounds were produced in a twin-screw extruder. The results of the three-point bending test can be seen in Figure 6 .
With the use of a size system that was not adapted to the polypropylene matrix, only about 20% of the flexural strength and 50% of the flexural modulus of an organic sheet were achieved. Although it was possible to achieve a slight improvement in the flexural modulus by using coupling agents in combination with non-adapted semi-finished fibre products, the flexural modulus was still more than 25% lower and the flexural strength about 75% lower than the characteristic values of the organic sheet. In contrast to PA6, only the use of semi-finished fibre products with an adapted PP size enables the mechanical properties of the reference material to be achieved with PP. The additional use of coupling agents brings about no further improvement.
The tests that were conducted show that the mechanical properties of laminates produced by the inline impregnation technique are on a level with those of commercially available organic sheets for both PA6 and PP.
Inline impregnation in short cycle times
The development of the new CFRTP plant technology ( Figure 3 ) and the use of low-viscosity matrices have enabled cycle times to be reduced in inline impregnation and have made the processing technology economically viable. For instance, during the heating and impregnating operation, an impregnating pressure of 10 bar can be applied, based on a preform area of 400 x 400 m 2 . Figure 7 shows the progress of the impregnating operation after heating times of 150 s, 210 s and 240 s for lowviscosity PP (Sabic 579S) by way of example. It can be seen that not all of the fibre filaments are completely surrounded by matrix after 150 s, while fully impregnated laminates are present after an impregnating period of 210 s. The impregnation quality can be increased only marginally after this, even if the impregnating period is extended to 240 s. To determine the mechanical properties, three-point bending tests were performed and the laminates were compared with the reference material. The values obtained confirm the microscopy results. Too short an impregnation period (150 s) results in an approximately 25% reduction in flexural strength, while only the complete wetting of the fibres with matrix (210 s and 240 s) enables the properties of the reference material to be matched. The differences between laminates produced by the hot-pressing method and the new plant technology are a result of surface quality and the influence of the processing. For instance, the rougher surface quality resulting from the elastic diaphragms has a negative effect on the determination of the mechanical values owing to localised narrowing of the specimen cross-section.
The bicycle saddle already shown in Figure 1 was used to demonstrate the production of three-dimensional components by the inline impregnation technique, in which different material combinations ( Figure 9) were successfully processed. Based on the above microscopic and mechanical analyses, an impregnation period of 210 s was used for the complete impregnation of the fibres (glass-fibre fabric from PPG) with Sabic 579S. This determined the cycle time.
CONCLUSIONS
With the inline impregnation technique, a processing technology is available for the flexible production of CFRTP components, based on cost-effective thermoplastic and fibre semi-finished products, which enables virtually any semi-finished products to be combined into a laminate structure custom-made to meet the requirements of the particular component, and to be processed to form high-quality components in a single process. The simple, single-sided mould technology makes it possible to produce different laminate structures and component thicknesses without any tooling changes. This high degree of flexibility, combined with low tool costs, means that the inline impregnation technique permits the flexible manufacture of CFRTP components in cycle times of 3.5 min, even in small to medium-sized production runs. During investigations at the IKV, it was shown that both the impregnation quality and the mechanical properties of inline-impregnated components match those of commercially available organic sheets. For inline impregnation with polypropylene, it is necessary to use semi-finished fibre products with adapted size systems in order to achieve good fibre/matrix adhesion. The use of coupling agents had no relevant effect in the laboratory. However, when PA6 was used as the matrix material, the mechanical properties were significantly less dependent on the semi-finished fibre product. In this case, even semi-finished products with no special adaptation allowed very good mechanical properties to be achieved.
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